Interaction between chemical bath deposited CdS and ZnO window layers are a focus of this paper. Low temperature anneals were used to follow the changes at the interface. Optical absorption spectra show that CdS and ZnO intermix upon annealing. Heat treatments applied to ZnO/CdS/CulnGaSe, thin film solar cells produced changes in the short and long wavelength responses. The latter is attributed to an increase in the energy gap of the absorber by diffusion of S, and it is confirmed by SIMS. The interdiffusion is shown to increase the short wavelength collection, and hence the current density of the devices. Photoluminescence data provides some indication of the quality of the interface.
INTRODUCTION
Thin film solar cells based on CulnSe, and its alloys with Ga and S have demonstrated excellent efficiencies in the laboratory scale. In our laboratory, a 17.7% efficiency device based on CulnGaSe, absorber has been recently demonstrated [l]. The devices are fabricated by depositing a thin layer of CdS by chemical bath deposition (CBD), followed by a bilayer of sputtered ZnO. The first layer adjacent to the CdS is typically 50 nm thick, and it is sputtered in a slight oxygen partial pressure using an undoped ZnO target to a resistivity of 10-50 Qcm. The second layer is subsequently deposited from an alumina doped ZnO target in pure argon atmosphere to produce a conductive, transparent contact. Typical thickness and resistivity of this layer are 350 nm and 5 x 1 a-cm, respectively.
Much attention has been paid to the reaction chemistries and the absorber formation via different routes, but there has not been a similar, dedicated effort in the junction area. There are many fundamental questions that demand attention. For example, the reactive nature of the chemical bath and the possibility of an intermediate compound formation during the CBD has been suggested, but it requires more serious incorporation into modeling and in explaining the observed heterojunction phenomena. Chemically grown CdS is known to exhibit a mixture of cubic and hexagonal phases [2] . The crystal structure of nature of the interfaces involved will relax the lattice mismatch to some extent, the implications cannot be dismissed outright. Given the compatibility of crystal structures and chemical nature of the CdS and ZnO, the two can be expected to react, forming solid solutions. Finally, the use of a higNlow resistivity ZnO combination and its effect on the device performance has not been thoroughly studied.
E n this paper, we have attempted to study the interaction between the CBD CdS and the ZnO deposited on glass and on CulnGaSe, thin films. We have used a set of annealing conditions to identify the changes that take place. Optical absorption, device current-voltage and spectral response measurements have been used to study the effect of heat treatment on solar cell properties.
EXPERIMENTAL
The CulnGaSe, thin films used in this study were prepared by elemental coevaporation by the method described previously [3] . The substrates were soda lime silicate glass onto which a 1 Fm thick MO had been sputter deposited. The Ga/(Ga+ln) ratio was 0.28-0.3. The films were specular and free of defects. CdS was grown to a thickness of 50 nm by the reaction of CdSO, and thiourea in an ammoniacal bath. The bath composition was 0.0015 M CdSO,, 1.5 M NH,OH and 0.15 M thiourea. Thiourea was added when the bath temperature was 40'C, and the reaction proceeded as the temperature rose to 70'C in about 5 min. This allowed the deposition of about 50 nm thick CdS layer. Clean borosilicate glass substrates (Corning 7059) were also used for depositing the CdS for optical absorption experiments. For all the standard device data, the CdS coated CulnGaSe, films were annealed at 200'C for 2 min. in air. The standard procedure for ZnO deposition, described above, was modified for the purposes of the experiments performed here. In many cases, the samples were brought out of the sputter system after only the undoped 2nO had been deposited. They were annealed at different conditions, and the doped ZnO layer was deposited subsequently to fabricate devices. The intention here was to minimize the increase in sheet resistance of the conductive ZnO layer, described below.
First, we examine the effect of heat treatments on the CdS/ZnO structures on glass. The CdS was deposited in the usual manner, and a ZnO bilayer was sputtered onto the CdS layer. Optical reflectance and transmittance data were taken in the wavelength range 300-1300 nm at every stage of the heat treatment. Absorption was deduced from the measured reflectance and transmittance data. Sheet resistance of the ZnO layer was also measured. We expect the current flow to be confined mainly to the conductive ZnO layer because the undoped ZnO and the CdS layers are more resistive. An increase in sheet resistance of the structure was observed upon heating at modest temperatures and short durations. The as deposited sample had a sheet resistance of 18 Wsq, and this quickly increased to about 60 Wsq after 2 min. anneal in air at 200'C, and to about 100 Susq after a 2 min. anneal at 250'C. This increase was also observed for anneals in argon, and this points to a thermal rather than oxygen related phenomenon. Identical ZnO bilayers on glass, annealed under the same conditions, did not exhibit any change in sheet resistance The resistance increase is attributed to a compensation of the donors in the Zn0:Al layer by an element or species diffusing from below. This is likely to be sulfur from the CdS, but no confirmation has been obtained.
Optical spectra (see Figure 1) show that there is a significant reduction in the absorption due to the anneals. In this spectral region, ZnO is non-absorbing, and the CdS is strongly absorbing. A reduction in the on the CdS, the sample was heat treated at 250°C for 2 min., followed by the deposition of 2nO:Al. We find that the blue response of the heat treated device is significantly improved. The gain in the current density was estimated to be 1.2 mA.cm-'. Also, the long wavelength edge of this device has moved to shorter wavelengths, indicating an increase in the bandgap of the absorber itself. This is possibly caused by the diffusion of sulfur into the absorber (see below). Ga diffusion to the surface of the absorber, another possibility that can account for the bandgap increase, is considered unlikely due to the low temperatures and short times involved in the heat treatments. Fig. 3 . shows the spectral response of a device that was subjected to repeated anneals. Major changes are observed for a prolonged anneal at 250'C. The long wavelength edge moves to shorter wavelengths or higher energies, an effect similar to that shown in Fig. 2 response in the visible region which enhances the collection to near unity. This can be attributed to the reduction of recombination in the junction/ depletion region by affording better passivation. It is conceivable that, in addition to interdiffusion between CdS and ZnO, significant changes can occur at the CdS/CulnGaSe, interface. The as fabricated device had an efficiency of 12.5%, and this increased to 13.8% after the 2 min. anneal at 250'C. However, the 15 min. anneal resulted in a lowering of the voltage and an excessive cross-over between the light and dark I-V curves, resulting in a much lower efficiency. SlMS analysis was performed on this sample after the CdS and ZnO were removed chemically. Fig. 4 shows a plot of the Cd and S profiles in the absorber. We note that the diffusion profiles are similar in shape, and both elements have diffused to a depth of 1 pn to a significant level. Sulfur was also detected by wavelength dispersive x-ray analysis at 10 kV and 20 kV.
Figs. 5 and 6 show the spectral response and current voltage characteristics of four devices where the CulnGaSeJCdS/ZnO structures were annealed at different temperatures following the undoped ZnO deposition. In all but the 250'C anneal, we find that the response peaks around the CdS bandgap value, and it tails off in the red region. The corresponding device efficiencies are low, ranging from 5%-9%, characterized by low voltages and poor fill factors. There appears to be a voltage dependent collection loss or leakage, as evidenced by the soft I-V in the forward bias region.
Modeling efforts in the low energy side of the main peak. The peaks on the lower energy side (lower wavenumbers) have been assigned to donor-acceptor pair transitions [6] . There but we have not made any assignments here.
We have shown that modest heat treatments to CdSnnO structures produces significant changes in the optical and electrical properties. A reduction in the CdS related absorption points to the formation of an interdiffused region with a wider band gap. This effect translates, rather beneficially, to ZnO/CdS/CulnGaSe, thin film cells where the short wavelength response is improved. The bandgap of the absorber is also increased as a result of the heat treatment, and we show that the diffusion of sulfur in the CulnGaSe, could be the cause. A wide range of current-voltage and spectral response behaviors are observed that can be accounted for by invoking bulk andlor interface states. PL spectra show an approximate correlation between device efficiency and the PL intensity.
